Hepatic glucose and lipid metabolism are altered in metabolic disease (e.g. obesity, metabolic syndrome, and Type 2 diabetes). Insulin-dependent regulation of glucose metabolism is impaired. In contrast, lipogenesis, hypertriglyceridemia, and hepatic steatosis are increased. Because insulin promotes lipogenesis and liver fat accumulation, to explain the elevation in plasma and tissue lipids, investigators have suggested the presence of pathway-selective insulin resistance. In this model, insulin signaling to glucose metabolism is impaired, but insulin signaling to lipid metabolism is intact. We discuss the evidence for the differential regulation of hepatic lipid and glucose metabolism. We suggest that the primary phenotypic driver is altered substrate delivery to the liver, as well as the repartitioning of hepatic nutrient handling. Specific alterations in insulin signaling serve to amplify the alterations in hepatic substrate metabolism. Thus, hyperinsulinemia and its resultant increased signaling may facilitate lipogenesis, but are not the major drivers of the phenotype of pathway-selective insulin resistance.
Hepatic glucose and lipid metabolism are altered in metabolic disease (e.g. obesity, metabolic syndrome, and Type 2 diabetes). Insulin-dependent regulation of glucose metabolism is impaired. In contrast, lipogenesis, hypertriglyceridemia, and hepatic steatosis are increased. Because insulin promotes lipogenesis and liver fat accumulation, to explain the elevation in plasma and tissue lipids, investigators have suggested the presence of pathway-selective insulin resistance. In this model, insulin signaling to glucose metabolism is impaired, but insulin signaling to lipid metabolism is intact. We discuss the evidence for the differential regulation of hepatic lipid and glucose metabolism. We suggest that the primary phenotypic driver is altered substrate delivery to the liver, as well as the repartitioning of hepatic nutrient handling. Specific alterations in insulin signaling serve to amplify the alterations in hepatic substrate metabolism. Thus, hyperinsulinemia and its resultant increased signaling may facilitate lipogenesis, but are not the major drivers of the phenotype of pathway-selective insulin resistance.
Metabolic disease (i.e. obesity, metabolic syndrome, and Type 2 diabetes) is characterized by altered glucose homeostasis, hyperinsulinemia, and hypertriglyceridemia. In the fasting state, the hyperglycemia and hyperinsulinemia are driven by a failure of insulin to augment muscle glucose uptake and restrain hepatic glucose production. In the fed state, this insulin resistance results in a failure of the liver to switch from glucose production to glucose disposal, contributing to the exaggerated hyperglycemia. Hyperinsulinemia is thought to be driven by the accompanying insulin resistance in multiple tissues including liver, muscle, adipose tissue, vasculature, and the brain. Although overall brain glucose uptake is not regulated by insulin, specific regions in the brain can become resistant to insulin. This modifies neural circuits that regulate the insulin response of the liver and other peripheral tissues, thereby exacerbating hyperinsulinemia and impaired glucose metabolism (1) .
The role of insulin resistance with regard to hepatic lipid metabolism is more complex. Insulin is required for hepatic lipid synthesis. Thus, one might hypothesize that hepatic insulin resistance would decrease hepatic triglyceride synthesis and therefore plasma triglycerides. In contrast, liver and plasma triglycerides are increased in metabolic disease. To resolve this paradox, investigators have proposed that there may be pathway-selective insulin resistance, which has been observed in vascular tissues (2) (3) (4) . This would suggest that there are distinct insulin-sensitive signaling pathways that independently modulate glucose and lipid metabolism. Moreover, the model proposes that the pathways are differentially altered in metabolic disease. With selective insulin resistance, insulin fails to adequately suppress hepatic glucose production or augment hepatic glucose uptake, and yet still augments or at least sustains hepatic lipogenesis and TG 2 accumulation, contributing to hypertriglyceridemia. We will examine the physiologic evidence that suggests selective hepatic insulin resistance exists and is the driver of the metabolic phenotype. We suggest that the alterations in hepatic substrate metabolism are not simply due to selective defects in insulin action, but to a large extent are driven by changes in substrate delivery to the liver that arise from impaired insulin signaling in liver, muscle, and adipose tissues.
Throughout the 24-h feeding-fasting cycle, the liver handles a large fraction of the dietary nutrients. Metabolic disease markedly alters both the pattern and the absolute flux of those nutrients to the liver. There are six major metabolic pathways that are disrupted: two pathways are impaired (hepatic glucose uptake and glycogen deposition); two pathways are active, instead of inhibited due to the endocrine environment (gluconeogenesis and de novo lipogenesis); and two pathways are accelerated (fatty acid delivery and triglyceride esterification and secretion). As depicted in Fig. 1 , it is the confluence of these dysregulated pathways in multiple tissues that precipitates the metabolic phenotype (i.e. impaired glucose tolerance, steatosis, and hypertriglyceridemia). In the following sections, we will discuss how each of these contributors to the phenotype of pathway-selective insulin resistance is altered. manifest during a hyperinsulinemic-euglycemic clamp, where in response to an increase in insulin infusion, hepatic glucose production fails to be suppressed. The inappropriately high rates of hepatic glucose production in the presence of hyperinsulinemia are associated with an increase in gluconeogenesis and glycogenolysis, with a greater contribution of gluconeogenesis to glucose production (6 -9) .
Hepatic glucose uptake and glycogen synthesis are also defective. Following a carbohydrate-containing meal, the liver rapidly switches from a net producer to a net consumer of glucose. A substantial portion of dietary carbohydrate is stored by the liver as glycogen (approximately one-third of the dietary glucose) and is then subsequently released during the post-absorptive state by activation of glycogenolysis (10) . The magnitude of the hepatic glucose uptake is determined by the glucose and insulin concentration as well as by the route of glucose delivery (11) . In addition, extrahepatic factors contribute to failed insulin suppression of hepatic glucose production. There is a failure of insulin to appropriately suppress glucagon secretion from the pancreas, as well as impaired suppression of adipose tissue lipolysis. Both of these exacerbate the impairment in liver glucose uptake in individuals with metabolic disease (12, 13) . We will briefly discuss the molecular control points that contribute to the impaired hepatic glucose handling: 1) decreased glucose uptake, 2) decreased glycogen synthesis, and 3) persistent gluconeogenesis.
Hepatic Glucose Transport and Phosphorylation
In the liver, the primary regulated step that determines glucose uptake is glucose phosphorylation and not glucose transport. In contrast to muscle and adipose tissue, liver glucose transport (primarily through GLUT2) is not regulated by insulin and is not a significant barrier for glucose uptake (or release) by the liver. The liver expresses hexokinase IV (i.e. glucokinase (GK)), which is inactive when associated with glucokinase regulatory protein (GKRP) in the nucleus. The interaction of GK with GKRP is regulated by metabolic intermediates (glucose-6-phosphate and fructose-1-phosphate) that accumulate in response to hyperglycemia and dietary carbohydrates (e.g. fructose). These glycolytic intermediates compete with the binding of GK to GKRP; thus, this step is not directly controlled by glucose (14) . Allosteric regulation of GK allows the liver to be very responsive to changes in glucose concentration (15, 16) . GK transcription is positively regulated by insulin signaling, but this does not play a role in the rapid regulation of the glucose phosphorylation capacity of the liver (17, 18) . Therefore, the GK activity is controlled by the partnership between insulin signaling and substrate-dependent regulation. Metabolic disease impairs GK activity (19, 20) . This can be partially reversed if chronic hyperglycemia is corrected, suggesting that possible post-transcriptional modification may occur (21).
Alterations in the dephosphorylation of glucose 6-phosphate (G6P) by glucose-6-phosphatase (G6Pase) can also contribute to the observed defects in liver glucose uptake in metabolic disease. G6Pase is part of a multimeric complex located in the endoplasmic reticulum membrane, which includes G6Pase and transporters for glucose, inorganic phosphate, and glucose 6-phosphate. The regulation of this complex is poorly understood (22). Deficiency of G6Pase or the G6P transporter leads to glycogen storage disease and hypoglycemia (23). G6Pase activity is increased by glucagon and hyperglycemia and inhibited by insulin (24, 25). In mild metabolic disease, hepatic expression of G6Pase is not increased (26). However, the normal activity is inappropriate for the prevailing hyperinsulinemia, indicating predominant hepatic insulin resistance. Thus, sustained G6Pase activity opposes GK and limits the capacity of the liver to take up glucose.
Liver Glycogen Synthesis
Hepatic glycogen deposition is impaired in metabolic disease. The normal activation of net glycogen deposition requires a coordinated suppression of glycogen phosphorylase and activation of glycogen synthase. The rapid entry of glucose, facilitated by hyperglycemia and glucose activation of GK, increases G6P, suppresses glycogen phosphorylase, and activates glycogen synthase. In addition, both enzymes are regulated by phosphorylation and dephosphorylation reactions that are reciprocally regulated by insulin and glucagon (27). However, plasma glucose entry via GK is not the only source of G6P for glycogen synthesis. Gluconeogenesis is active in the fed state and accounts for about 50% of the glycogen synthesized in the liver after a carbohydrate-containing meal (10, 28 -30) . In metabolic disease, hepatic glycogen synthesis is decreased, and it is accompanied by a failure to appropriately suppress glycogen phosphorylase and activate glycogen synthase (31). As overexpression of a constitutively active glycogen synthase can overcome this impairment, defects upstream of glycogen synthase (e.g. GK) are not likely the sole determinant of the impairment in glycogen synthesis (31, 32). As glycogen synthesis is the major metabolic fate of glucose in the liver, glucose carbon that cannot be deposited as glycogen must be released, oxidized, or diverted to lipid synthetic pathways.
Hepatic Carbohydrate Oxidation
Impairments in hepatic glycogen synthesis in metabolic disease divert carbohydrate carbon flux to de novo lipogenesis (DNL) and oxidation. Although glycogen is a main metabolic fate of glucose after a meal, a small portion (Ͻ25%) of the glucose taken up by the liver is oxidized, and an even smaller amount is diverted to lipid synthesis. Pyruvate dehydrogenase (PDH) activity in the liver, which is negatively regulated by phosphorylation (PDK2 and PDK4), plays a central role in regulating pyruvate oxidation (33). Targeted removal of PDK4 improves pyruvate dehydrogenase activity and glucose homeostasis and the ability of insulin to suppress gluconeogenic gene expression in insulin-resistant mice (34). Although the liver has the capacity to convert glucose carbon to lipid (i.e. DNL) in whole body physiology, this is a relatively minor metabolic pathway, except with carbohydrate overfeeding (35, 36). In obese diabetic animal models, glycogen synthesis is impaired. Thus, even in the fed state, the failure to augment glycogen synthesis combined with normal or elevated G6Pase activity allows more gluconeogenic-derived carbon to be diverted to glucose release, rather than to storage as glycogen (37, 38), with potential spillover of these carbons to DNL. Animals and humans lacking normal glycogen synthase are prone to hepatic lipid accumulation even on a normal diet (39, 40).
Gluconeogenesis
Acutely, gluconeogenesis is determined by availability of the gluconeogenic precursors, the first pass extraction of the precursors by the liver, and the gluconeogenic capacity of liver. In contrast to glycogenolysis, physiologic control of gluconeogenesis is primarily determined by hepatic gluconeogenic substrate uptake and not by gene expression (41) (42) (43) (44) . Although insulin inhibits phosphoenolpyruvate carboxykinase (PEPCK) expres-sion, acute increases in insulin do not inhibit gluconeogenic flux (e.g. pyruvate to G6P); gluconeogenic carbon is directed to glycogen rather than glucose. Insulin does potently suppress lipolysis, which would decrease glycerol (a gluconeogenic precursor) flux to the liver. In metabolic disease, lipolysis can persist despite hyperinsulinemia, which helps to sustain gluconeogenesis (38, 45) . Thus, the abnormal carbohydrate handling by the liver is driven by interplay between altered nutrient disposal in many tissues and insulin signaling.
Hepatic Insulin Resistance and Triglyceride Metabolism
Elevated fasting plasma triglyceride concentration (hypertriglyceridemia) is commonly seen in metabolic disease. Circulating triglycerides are primarily associated with very low density lipoprotein (VLDL) in the fasting state and with chylomicrons in the fed state (46) . An increase in VLDL secretion is the main cause of the fasting hypertriglyceridemia (47, 48) . Each VLDL particle is loaded with one ApoB molecule. The lipid associated with VLDL is derived from multiple sources (fatty acids from adipose tissue, intrahepatic lipid stores, hepatic clearance of chylomicron remnants, and DNL (49, 50) ). Their relative contribution to VLDL flux is dependent on fasting status, the composition of the diet in the fed state, and the capacity of peripheral tissue to remove the dietary nutrients (51, 52) . Re-esterification of lipolysis-derived fatty acids compromises the majority of the VLDL-associated TG in the fasted setting (49) . In a net sense, hepatic lipid stores are not appreciably changing as humans transition into an overnight fast (53) . Thus, mobilization of hepatic lipid stores is not contributing to fasting VLDL production. An exception to this would be rodents where overnight fasting can induce a hepatic steatosis. Rodents are nocturnal feeders; overnight fasting is a major metabolic stress, especially in mice. This results in a mobilization of adipose-derived lipids that can accumulate in the liver.
Following a meal, hepatic handling of fatty acids is amplified despite a fall in lipolysis as both chylomicron remnant uptake and DNL increase (50) . Although dietary or obesity-induced hepatic steatosis does occur in humans, in most cases it develops slowly over an extended period of time (months to years). The liver is very efficient at resisting changes in hepatic lipids, despite the fact that intrahepatic stores are rapidly turning over throughout the feeding-fasting cycle (80%/h in mouse and 10%/h in human). For example, to triple hepatic lipid stores in 2 weeks in mice would require only a 1.5% difference between the net esterification rate of hepatic lipid (DNL ϩ re-esterification Ϫ oxidation) and rate of release of VLDL.
The molecular events that are important in the acute and chronic regulation of hepatic lipid metabolism have been defined in multiple species (54) . We will divide the regulation of hepatic lipid metabolism into three sections: 1) de novo lipogenesis, 2) fatty acid esterification (TG synthesis), and 3) VLDL secretion. Using gene targeting and pharmacological approaches, investigators have identified the signaling events and control points that seem to be major targets of insulin and that have the potential to be dysregulated in metabolic disease (54) . A number of excellent review articles have discussed these pathways, so we will only highlight the key control points and the evidence suggesting that these molecules are important in hepatic lipid metabolism in vivo.
De Novo Lipogenesis
As already mentioned, the synthesis of newly synthesized (de novo) lipid in the liver is normally relatively low (Ͻ5% of palmitate is newly synthesized) unless animals are severely obese (55) . In individuals with diabetes, it is also low in most but not all studies (56, 57) . Because palmitate is the primary product of DNL and represents ϳ20% of VLDL-associated fatty acids, the percentage of VLDL-associated fatty acids that are derived from DNL will be even lower. The coordinated regulation of DNL requires complex fatty acid synthetic machinery, which is dependent on liver X receptor (LXR), SREBP-1c, ChREBP, and others. They combine to increase the DNL capacity of the liver (58) . Insulin increases hepatic SREBP-1c, promoting expression of lipogenic genes and fatty acid accumulation in liver (59) .
A key regulated step in hepatic DNL is acetyl CoA carboxylase (ACC). Initial studies indicated that ACC2 global KO mice are protected from high fat diet-induced obesity (improved overnight fasting glucose, insulin concentrations, and glucose tolerance) (60, 61) . However, in a separately generated animal line, there was no glucose phenotype (62) . Liver-specific loss of ChREBP using a ChREBP-specific antisense oligonucleotide in fructose fed rats did not alter hepatic insulin action on glucose metabolism. These rats had a fall in plasma FFA, suggesting that lipolysis was decreased, which likely explains the accompanying decrease in VLDL flux. Although lipogenic gene expression was decreased, hepatic lipid content was unaltered (63) . In genetically obese (ob/ob) mice, hepatic lipids were improved, as well as tracer-determined DNL, when ChREBP was suppressed using adenovirus expressing shChREBP (64) . Moreover, as in the prior study, plasma triglycerides and circulating fatty acids were also decreased, thus leaving in question the contribution of DNL to a decrease in plasma triglycerides and the specific regulatory role of ChREBP.
Investigators using genetic manipulations have identified a number of control points for DNL. However, these control points are not the sole determinants of the rate of DNL in metabolic disease. Interestingly, although hepatic DNL gene (Fasn, Elovl6) expression correlated with markers of steatosis and insulin resistance, it was not correlated with plasma TG (65). This suggests that plasma TG levels are driven by the combined effects of hepatic and extrahepatic events. In contrast to adipose tissue, changes in the absolute rate of DNL in the liver are less responsive to rapid changes of glucose and/or insulin that might occur throughout the feeding-fasting cycle and are more tightly linked to the rate of substrate delivery to and uptake by the liver (66, 67) . An additional confounder is that many of the transcription factors that are important for DNL also affect hepatic carbohydrate metabolism and vice versa. Thus, it is often difficult to ascertain whether insulin regulation of DNL is modulated independent of the effects on other metabolic pathways. For example, patients with genetic defects in gluconeogenic enzymes, such as PCK1, PCK2, G6Pase, G6PC, FBP1, or pyruvate carboxylase, manifest hypoglycemia, hepatomegaly, and fatty liver (OMIM (Online Mendelian Inheritance in Man) database).
TG Esterification and Secretion
The contribution of dysfunctional regulation of fatty acid esterification into hepatic TG toward fatty liver and dyslipidemia is unclear (68) . DGAT is the final step in the conversion of diacylglycerol to TG. The liver expresses both DGAT1 and DGAT2. Overexpression of either one will increase TG content in the liver, but not plasma TG or VLDL secretion (69) . Although genes involved in DNL were increased with DGAT overexpression, the primary driver of the elevation in hepatic TG is likely due to diminished hepatic clearance (export) of stored TG onto VLDL. Whether DGAT has a role in modulating insulin action is controversial; DGAT overexpression has been reported to have no phenotype and an insulin-resistant phenotype (69, 70) . Suppression of DGAT2 (but not DGAT1) in liver and adipose tissue improved hepatic and peripheral tissue insulin action (71) . DGAT has been evaluated as a therapeutic target. However, the primary effect may not be on the liver because these therapeutics limited weight gain (72) .
After assembly of fatty acids onto TG, the lipid has to be packaged in VLDL and exported; this process is inhibited by insulin. As opposed to DNL and TG esterification, which are increased by insulin, VLDL assembly and secretion are inhibited by insulin in part though limiting apoB availability (73, 74) . ApoB is synthesized in excess of what is needed for VLDL secretion, and the remainder is degraded. The rate of apoB degradation is rapidly stimulated by insulin. Increases in insulin thus limit VLDL secretion and favor TG accumulation in the liver. Insulin also suppresses microsomal triglyceride transfer protein (MTP) by translocating FoxO1 out of the nucleus (75, 76) . Overexpression of MTP augments VLDL flux, but this increase is dependent on the presence of apoB as well as excess hepatic lipid stores (77) . Not surprisingly, MTP inhibitors limit export of TG from newly esterified fatty acids and lower plasma TG, but also cause hepatic steatosis (78) . Interestingly, sustained (15 h) hyperglycemia (and concomitant hyperinsulinemia) can increase VLDL flux if FFA delivery is not suppressed. In contrast, if lipolysis is allowed to decrease, acute increases in insulin and glucose (2-3 h) suppress VLDL flux. In insulin-resistant settings, there is a failure to suppress lipolysis and apoB degradation persists (75, 79 -82) . The sustained availability of fatty acids may combine with an impaired insulin signaling to sustain VLDL flux (83) . Thus, the alterations in lipid handling by peripheral tissues (failed suppression of lipolysis) are a major contributor to the altered hepatic lipid metabolism in insulinresistant states.
Is Insulin the Conductor or Part of the Orchestra?
We suggest that the abnormal regulation of hepatic glucose and lipid metabolism is not dependent on alterations in the actions of insulin with regard to metabolic process in the liver, but rather an interaction of altered insulin signaling and nutrient fluxes within the liver, from the diet, and from extrahepatic tissues. Moreover, the differing "sensitivities" of the liver, muscle, and adipose to insulin have to be considered (84 -86) . Compensatory hyperinsulinemia, in an attempt to control one variable, can mask specific abnormalities in that specific substrate (e.g. obese nondiabetic individuals have near normal glucose concentrations), whereas abnormalities in other substrates can still be evident (e.g. increased plasma fatty acids). As already mentioned, substrates can be diverted to alternative pathways (e.g. DNL). Thus, if a metabolic blockade is present in a preferred pathway (e.g. glycogen synthesis or glucose dephosphorylation) (87, 88) , hepatic lipid storage and DNL flux can increase without a change in VLDL flux in vivo. A targeted inhibition (or activation) of a single pathway (or insulin-mediated signal) can generate secondary metabolic signals (e.g. carbohydrate sensing via ChREBP) that drive another process that may or may not be regulated directly by insulin (75) . Moreover, the response of the liver is also dependent on the delivery and subsequent uptake of substrates derived from the diet and/or released (or not cleared) by extrahepatic tissues. If insulin-responsive peripheral tissues fail to efficiently clear dietary nutrients, the liver will have to remove an even greater fraction of the dietary nutrients. Therefore, altered nutrient handling by peripheral tissues might contribute to the lipid phenotype that is mistakenly attributed primarily to selective hepatic resistance to insulin.
Hepatic DNL does require insulin signaling. Humans with rare mutations and mice lacking hepatic insulin receptor do not develop steatosis or hypertriglyceridemia (89) . However, it may be that except in these extreme cases, hepatic insulin signaling serves more of a permissive role in allowing excess carbon to be diverted to DNL. Any alterations in the absolute rate of DNL may be determined more by the hepatic availability of substrates for DNL. Hence, it is possible that limitation of gluconeogenesis in a setting of impaired glycogen synthesis could protect the liver from substrate-driven DNL. An additional confounder is dietary fructose. It bypasses any existing defect in glucokinase, is preferentially taken up by the liver, and provides additional carbohydrate carbon for DNL. This is especially true if glycogen disposition (the preferred fate) is impaired (15, 90, 91) . There have been some molecular explanations for pathway-selective insulin resistance. Akt induces the phosphorylation of FoxO1, which removes this transcription factor from the nucleus, shutting off gluconeogenic genes such as Pck (92) . A normal function of insulin is triggering lipogenesis in the liver. Pathways downstream of the insulin receptor and Akt that stimulate the lipid synthesis include the phosphorylation of ATP-citrate lyase (ACLY) through glycogen synthase kinase 3␤ (GSK3␤) and the transcription of genes regulated by SREBP-1c, whose transcription is under the control of mTORC1 (93, 94) . Inhibition of mTORC1 blocks insulin-induced up-regulation of lipogenic gene expression, but does not affect insulin-mediated suppression of gluconeogenic gene expression (95) . This is one explanation for selective hepatic insulin resistance. It is also possible that a significant portion of hepatic lipogenesis is independent of insulin signaling. A recent study suggests that hepatic lipogenic gene expression may be driven by an Aktindependent mechanism possibly through mTORC2 (96) . However, as with many studies, only hepatic gene expression was assessed; the rates of the lipid esterification and DNL pathway in vivo were not assessed.
Nutrient sensing can limit or modify insulin resistance-induced defects. In the liver knock-out of the insulin receptor (complete insulin resistance), hepatic DNL and plasma VLDL were markedly decreased, but so was total glucokinase activity. Furthermore, the liver is still responsive to nutrient sensing; the SREBP response to refeeding was intact (97) . Another sensor is ChREBP, which is activated by increased glucose influx in liver and, together with SREBP-1, drives expression of genes involved in fatty acid synthesis and esterification (98) . ChREBP overexpression decreases the expression of gluconeogenic genes and reduces hepatic glycogen storage in mice. In many ways, ChREBP mirrors the insulin-like effects. In humans, ChREBP expression is positively correlated with hepatosteatosis, but negatively related with insulin resistance (99) . On the contrary, ChREBP knock-out mice develop insulin resistance, hyperglycemia, hyperinsulinemia, and increased hepatic glycogen storage, without changes in body weight (100) . Lipid metabolites derived from DNL may serve as ligands to drive metabolic changes. Mice lacking fatty acid synthase (FAS) specifically in liver showed hypoglycemia, hepatosteatosis, and reduced glycogen storage in fasted states, without affecting their body weight. Those changes are reversed when mice are treated with a ligand of peroxisome proliferator-activated receptor ␣ (PPAR␣), suggesting that fatty acid synthase is involved in the generations of PPAR␣ ligands (101) . An additional explanation, however, for the reversal of steatosis is that the lipid and carbohydrate load presented to the liver was decreased by the PPAR␣ ligands so that steatosis did not occur. Thus, events occurring in multiple tissues alter substrate availability that contributes to the metabolic phenotype.
A number of physiologic modulators that are known to improve hepatic insulin action and lower plasma TG require combined improvements in lipid metabolism in both hepatic and peripheral tissues. Weight loss decreases VLDL flux; this is due primarily to a decrease in lipolysis (102) . In obese patients with nonalcoholic fatty liver disease, exercise in the absence of weight loss lowers hepatic lipid content, but does not correct the increase in VLDL flux (103) . The persistent VLDL flux is likely mediated by the failure of exercise in the absence of weight loss to decrease lipolysis and FFA availability. Recent work suggests that estrogen signaling in the liver protects against fatty liver and improves insulin action; also, modulation of FoxO1 can regulate glucose-dependent VLDL flux (75, 104) . This could explain why menopausal women are at greater risk of metabolic disease than premenopausal women.
Summary
The association of hepatic insulin resistance with persistent glucose production, lipogenic capacity, steatosis, and elevated VLDL flux seems at first an anomaly. However, this is only an anomaly if one assumes that insulin signaling or impaired insulin signaling are the major drivers of these processes. Insulin works in partnership with a number of physiologic regulators of carbohydrate and lipid metabolism both in liver and in peripheral tissues. Although insulin signaling plays a central role in the overall control of glucose homeostasis, its impact on lipid metabolism is more complex and requires coordinated intrahepatic regulatory mechanisms that, in some ways, are independent of insulin and work in concert with actions in peripheral tissues. Thus, although selectively altered insulin signaling does exist, the phenotype of metabolic disease is substrate-driven, and insulin signaling alterations may play more of a facilitating role.
tributes toward the inability to suppress hepatic glucose production in response to hyperglycemia and hyperinsulinemia in Zucker diabetic fatty rats. 
